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BEHAKU2ROFTHEIAMINKRBOUNDARYIAYERFORPERIODICA13Y

OSCILLMXUGPRESSUREV-ION*

By AugustWilhelmQuickandK. Schr&ierl

Thecalculationofthephenomenawithintheboundarylayerofbodies
immersedina flowunderwenta decisivedevelopmenton thebasisof
L. Rrsndtl~strainsofthought,statedmorethanfor-byyearsago,and
by numerouslatertreatisesagainandagaintouchinguponthem. The
requirementsofthesteadilyimprovingaerodynamicsof airplaneshave
greatlyincreasedwiththegasshgoftim endrecentlyresearchbecame
particularlyinterestedinsuchphenomenaintheboundarylayeras are
cau$edby smallexternaldisturbances.Experimf3ntalresultssuggestthat,
forinstance,slightfluctuationsinthefree+treamvelocitiesasthey

* occurinwindtunnelsor slightwavelikedeviationsof outerwingcontours
fromtheprescribedsmoothcourseastheyoriginatedueto construction
inaccuraciesmayexert.stron.geffectsontheextentoftheladnsr

● boundarylayeronthelodyandthuson thedrag. Thedevelopmentof
turbulenceinthelastpertof thelaminarportionof theboundarylayer
Is,therefore,themainproblem,thesolutionofwhichexplainsthe
behavior*ofthetransitionpointof theboundarylayer.A numberof
reportsinliteraturedealwiththisproblem,forinstfice,those”of
Tollmien,Schlichting,Dryden,andPretsch. Thefol.lowingdiscussion
ofthebehaviorof thelandnsrboundarylayerforperiodically
oscillatingpressurevariationalsopurportstomakea contributionto
thatsubject.

Theattemptsto calculatesuchphenomenaas undertakeninliterature,
forinstance,by DrydenandPretsch,werebasedon thecalculationmethod
by Pohlhausen.Veryearlyseparationphenomenaresultedforverysligkt
variations*oftheexistingpressuredfstributlon;thustherecameup for
discussiondoubtsutteredbyL. ZErandtlamongotlxmsasto theadmissi-
bilityofthePohlhausenmethodwhich,dueto itswing onlya single
parameter,waspossiblynotcapableof fullyembracingallphenomena.

*“TerhaltenderlaminerenGrenzschichtbeiperiodischschwankendem
Druckverlauf.” LudwigI&andtlzum70.Geburtstage,Schriftender
DeutschenAkademiederLuftfahrtforschung,pp.247-2~~.(ToLudwig
Prandtluponhis70thbirthday,PublicationsoftheGermanAcademyfor
AviationResearch),Berlin1945.

%he moredetailed’ori@nalreportwaspublishedunderthesame
titleasUM 1257. ‘.
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Sincea methodofSclm%derrecentlydeecribedelsewherepermitsa reliable
P

calculationofthelaminsrboundarylayer,itcouldbe shownwiththe
aidof examplesthattheboundarylayeractuallyisverysensitivet# *
slightoscillationsofpressureandtendseasilytowardseparation.

Itwasassumedforthecalculatedexamplesthattheflowconcerned
istheflowabouta platewheretheundulationstsrtsonlyafteran
initialplanesection.Aftera portiontithconstantflowvelocityU(s)
(ascustomary,let s and n be understoodasa systemofgenerally
curvilineartangentialandnormalcoordinates)a sinusoidalU(s)-distribution
thensetsin. Theboundarylayercalculationwasbasedondimm.sionless
quantities,withthevelocitiesreferredto theconstantfreestream
velocityU. andthelengthsreferredto thelengthof thestarting
distanceL, beginningattheleadingedgeoftheplate.

Figure1 showstheresultsofthecalculationonan examplewiththe
wavelengthX = 0.072 andthomaximumfluctuationint-heU(s)-distribution
equallingl/2percent.Althoughthevelocityprofilesweremeasured
atthepositions indicatednumericallyat eachprofilea clearer
picturewasobtainedby groupingneighboringprofilesaccordingtorising
orfallingvariationof U(s) as indicatedby
@’ouy.

Onerecognizesfromthisexamplethatthe
threewavesmerelybyperiodicdeformationsof
fourthwave,however,a veryweakreverseflow
subsidesagainuponincreaseof u(s),thatis,

thearrowsaloveeach

boundarylayerovercomes
theprofiles;at the
beginsto appearbut
uponpressuredrop.

●

However,at thenextwavethepicture-changescompletely.A strong
reverseflownowappeerswhichsubsidesonlyintheprofilepartsnext
to thewall,whereasinthecentralprofilepertsthereverseflow
becomesstillstronger.

Fromthisendfurtherfullycalculatedex&mpleswe mayconclude
thateveryundulation,eventheweakest,intheU(s)-distributionfina12y
leadstoreverseflow,ifonlythecalculationiscarriedsufficiently
fer. Figure2 showsthecorrespondingstreamlinepatternonwhichone
canseeparticularlyclearlythesetting-inof thereverseflowandalso
theformationof a smallvortex.

A fewremarksconcerningthephysicalinterpretationandthusthe
quantitativeevaluationofthecalculationresultsareto follow.The
boundarylqyeractuallyprovestobe extremelysensitiveto small
periodicaloscillationsinpressure.Strongvariationsof thedisplacement
thicknessareconnectedwithit. Figure3 showsthedisplacementthickness
fortheexampledescribedcomperedto thatforundisturbedpressure
distribution;theperiodicveriationandtheconsiderableamplitudes *

%e hadthegreatprivilegeof severalinterestingandstimulating *

discussionswithPrandtlonthesubjectofthisreport.
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of the,displacementthiclmesscanbe recognized.Theseperiodicvariations
ofthedisplacementthicknessCannotcontinuetithoutretractionon the
flowsincetheyobviouslymustbe superimposedonthewallumhllationand
leadto a modificationoftheexternal-pressuredistribution.T11i3 chango
intheexternal-pressuredistributioncan,however,be avoldociby
amplifyingthewallundulationby theamountaoftheboundorylayer
undulationsothatforeachReynoldsnumbera newwallresults.Thusa
boundsrylayercalculationyields,accordingto theselectedReynolds
number,a seriesofboundarylayerflowsalongwallsofdifferentundulation.
Inthissensefigure4 illustratesforthepresentexamplewallscorre-

spanimgtoReynoldsnumbersR = 104, 105,and106. Takena~ a basisof
comparison,theeffectivewall,whichcorrespondsto thoU(s)distribution
fora potential.flow,showsanundulationsowoakthatIt ishardly
recognizableinthefigure.Thefigureshowsfurtherthatforsmall
Reynoldsnumbersa relativelystronglyundulatedwallislevelledby the
boundarylayer,whereasforlargeReynoldsnumbera relativelyweakly
undulatedwallisequalizedby theboundarylayer.Henceitfollows
thatfora constantundulationandalteredReynoldsnumber- forinstance
velocityincrease- theboundarylayerbecomeslesseffectivetoward
equalizingthewallundulationandthustheeffectiveundulationincreases
withgrowingReynoldsnumber.Thestartingpointoftheroveraoflow
on sucha wallshould,therefore,travelforwerdwithincreasingvelocity.
Thecorrespondingfactsapplyto theoppositecaseof a planewallwith
oscillai)in.gflow. Hqrealsothestertingpointofthereverseflowmust
traveltowardthefrontwit!~increasingvelocitywhentheoscillationof
thefreestreamisheldconstent.Bothbehaviorsagreewiththetest
experience.In thedescribedmanneronesucceedsinobtainingdataon
thebehaviorofthebounderylayerflowonundulatedwalls,inparticular
onthesetting-inofthereverseflawandthusof a vortexformationin
dependenceontheReynoldsnumber.

Oneobtainsa psrticul.arlyinstructivepictureofthoboundarylayer ,
flowby plottingthestreamlinepatternnoth a rectilinears,n syotom, :
but–asinflgure’j- againstthewalJcorrespondingto a certainR.
Theundulationofthestreamlinethenresultingat theedgeofthe
bounderylayermustcorrespondto thepressuredistributiontakenas a
basis,thusmustbe practicallyrectilinearinthepresentexample.

Thisisbeingratherwellconfirmed.Furthermoreonecanroco~izo
withparticularclsritythattheflatteningof theundulationtakesplaco
intheimmediateproximityofthewallwhichisshownby theearly
Smoothed+utcourseofthestreamlines.Onecanalsoseothatthe
customaryconceptofthesuperimposabilityof a wallcontouronthe
displacementthicknessisadmissible, sincetld.sflatteni~ofthe
streamlineshasbeencompletedat a distancefromthewallintheorder
ofmagnitudeofthedisplacementthickness.
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In figure3 a
thoseoftheplane

NACATM 1228

comparisonofthedragconditionsoftheundulatedwith
platehasbeenperformedwhichshowsthatinthis

examplea localdragmeductionofabout25percentoccurs;thisreaction
iscausedbythefactthattheregionswherethesheeringstressisreduced
by theundulationcompmedtotheylaneplateoutweightheregionswhereit
isincreased.However,it isnotadvisableto utilizethiseffectin
otherthanregionswithpressuredropwherethereisno dangerof a premature
bounderylayertransition(causedby theundulation)to turbulentstate.

Thecalculationsandconsiderationsperformedina morevoluminous
reportandgiven’herein theformofan extractmsybe summerizedinthe
followingconclusions:

1.Thelaminsrboundsrylayerprovestobe actuallyextremely
sensitiveto sMghtvariationsinthepressuredistribution,andtends
easilytowardseparation.

2.Thestartof’thereverseflowmayhe calculatedas a function
oftheReynoldsnumberandthepressureoscillation;theretractionof
theundul.atiQnofthedisplacementthicknessonthepressuredistribution
mustbe takenintoconsideration.

3. Theresultsofthecalculation,inagreementwithtestresults,
leadtotheinterpretationthatthetransitionoftheboundarylayerfrom
lsminsrto turbulentiscausedby theonsetofrevmrsalflowfollowed. by a vortexformationwhich,inturn,maybe producedby fluctuationof
thefreestreamandbywallroughness.Ifa monotonouslyincreasing
pressure’riseexists,thepointoftransition,causedby additionalpressure
oscillation,willliegenerallyaheadofthesepaation‘pointofthe
laminarboundarylayerwhichresultsby calculationwiththeundisturbed
pressuredistribution.

TranslatedbyMaryL.Mahl.er
NationalAdviso~Committee
forAeronautics
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Figure2.- Distributionofthestreamlines.
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Figure3.- Distributionofthedisplacementthickness,themomentum thickness,andthe
sheariigstress.
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Figure5.- Distributionofstreamlinesattheundulatedwall.


